increasing from 68 Tg C yr -1 at present day to 130 Tg C yr -1 by midcentury, but also through
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Abstract 28 29
Biomass burning is an important source of tropospheric ozone (O 3 ) and aerosols. These air 30 pollutants can affect vegetation photosynthesis through stomatal uptake (for O 3 ) and light 31 scattering and absorption (for aerosols). Wildfire area burned is projected to increase 32 significantly in boreal North America by the midcentury, while little is known about the 33 impacts of enhanced emissions on the terrestrial carbon budget. Here, combining site-level 34 and satellite observations and a carbon-chemistry-climate model, we estimate the impacts of 35 fire emitted O 3 and aerosols on net primary productivity (NPP) over boreal North America. 36
Fire emissions are calculated based on an ensemble projection from 13 climate models. In the 37 present day, wildfire enhances surface O 3 by 2 ppbv (7%) and aerosol optical depth (AOD) at 38 550 nm by 0.03 (26%) in the summer. By midcentury, area burned is predicted to increase by 39 66% in boreal North America, contributing more O 3 (13%) and aerosols (37%). 2017). However, little is known about how these pollutants affect ecosystem carbon 66 assimilation, and how this impact will change with the increased wildfire activity in the 67
future. 68 69
Surface O 3 causes damages to photosynthesis through stomatal uptake (Sitch et al., 2007) . In 70 the present climate state, fire-induced O 3 enhancements are predicted to reduce net primary 71 productivity (NPP) in the Amazon forest by 230 Tg C yr -1 (1 Tg = 10 12 g), a magnitude 72 comparable to the direct release of CO 2 from fires in South America (Pacifico et al., 2015) . 73
The aerosol effects are more uncertain because both positive and negative feedbacks occur. 74
Appearance of aerosols increases diffuse light, which is beneficial for shaded leaves in the 75 lower canopy. Consequently, photosynthesis of the whole ecosystem will increase as long as 76 the total light availability is not compromised (Kanniah et al., 2012) . Rap et al. (2015) 77 estimated that biomass burning aerosols increase Amazon NPP by 78-156 Tg C yr -1 , which 78 offsets about half of the damage caused by fire O 3 (Pacifico et al., 2015) . In contrast, strong 79 light attenuation associated with high aerosol loading may decrease canopy photosynthesis 80 (Cohan et al., 2002; Oliveira et al., 2007; Cirino et al., 2014) . Furthermore, the aerosol 81 radiative effects indirectly influence ecosystem productivity through concomitant 82 meteorological perturbations that are only beginning to be examined (Yue et al., 2017 (Shindell et al., 2013b) , and radiative effects (Shindell et al., 2013a) . 276
277
YIBs is a process-based vegetation model that dynamically simulates changes in leaf area 278 index (LAI) through carbon assimilation, respiration, and allocation for prescribed PFTs. 279
Coupled photosynthesis-stomatal conductance is simulated with the Farquhar-Ball-Berry 280 scheme (Farquhar et al., 1980; Ball et al., 1987) . Leaf-level photosynthesis is upscaled to 281 canopy level by separating diffuse and direct light for sunlit and shaded leaves (Spitters, 282 1986 ). Plant respiration considers thermal dependence as well as acclimation to temperature 283 (Atkin and Tjoelker, 2003). Soil respiration is calculated based on the carbon flows among 12 284 biogeochemical pools (Schaefer et al., 2008) . Net carbon uptake is allocated among leaves, 285 stems, and roots to support leaf development and plant growth (Cox, 2001 
Simulations 297 298
Using the NASA ModelE2-YIBs model, we perform 6 time-slice simulations, three for 299 present-day (2010s) and three for midcentury (2050s), with atmosphere-only configuration to 300 explore the impacts of fire emissions on NPP in boreal North America (Table 1) runs. In the RCP8.5 scenario, global average SST increases by 0.62 °C while sea ice area 324 decreases by 13.8% at the midcentury compared to the present-day level. Decadal average 325 well-mixed greenhouse gas concentrations and anthropogenic emissions of short-lived 326 species, both at present day and midcentury, are adopted from the RCP8.5 scenario ( Table 2) . 327
The enhancement of CO 2 will affect climate (through longwave absorption) and ecosystem 328 productivity (through CO 2 fertilization), but not the fire activity and related emissions 329 
2050s. 338 339
To evaluate the simulated GPP responses to changes in diffuse radiation, we perform site-340 level simulations using standalone YIBs model, which is driven with observed hourly 341 meteorology (including temperature, relative humidity, surface pressure, wind speed, and soil 342 moisture) and both diffuse and direct PAR at sites CA-Gro and CA-Qfo. To isolate the 343 impact of individual aerosol-induced climatic perturbations on NPP, we perform 10 344 sensitivity experiments using the offline YIBs model driven with offline meteorology 345 simulated by ModelE2-YIBs model (Table 3) . For example, the offline run Y10_CTRL is 346 driven with variables from the online simulation of F10CTRL ( Positive correlations between GPP and diffuse PAR are found at the two boreal sites (Figs 372 2b-2c). The magnitude of diffuse PAR is similar for these sites, possibly because they are 373 located at similar latitudes (Fig. 2a) . GPP values at CA-Gro are generally higher than that at 374 CA-Qfo, likely because deciduous broadleaf forest (DBF) has higher photosynthetic rates. 375
Consequently, the slope of regression between GPP and PAR dif is higher at CA-Gro than that 376 at CA-Qfo, suggesting that GPP of DBF (or MF) is more sensitive to changes in diffuse PAR 377 than that of ENF. We find almost zero correlation between GPP and PAR dir at the two sites 378 (Table 4 ), indicating that photosynthesis is in general light-saturated for sunlit leaves at these 379 sites during boreal summer noontime. As a result, modest reductions in direct light by 380 aerosols will not decrease GPP of the whole canopy. 381
382
With satellite-based AOD, we find positive correlations between GPP and AOD at both sites 383 (Figs 2d-2e). However, the slope of regression between GPP and AOD is lower (and not 384 significant) at CA-Gro compared with that at CA-Qfo, opposite to the GPP-PAR dif 385
regressions. The cause of such discrepancy might be related to the limitation of data 386 availability. For the same reason, the GPP-AOD correlation is insignificant at CA-Gro site. 387
On average, GPP sensitivity (denoted as mean ± range) is estimated as 3.5 ± 1.1 µmol m -2 s -1
388
per unit AOD at lower latitudes of boreal regions in the summer. 389 estimates present-day area burned of 2.88 ×10 6 ha yr -1 and biomass burned of 160.2 Tg DM 436 yr -1 . By the midcentury, area burned is projected to increase by 77% (to 437 5.10 ×10 6 ha yr -1 ) in boreal North America, mainly because of the higher temperature in 438 future fire seasons. Consequently, biomass burned increases by 93% (to 308.6 Tg DM yr -1 ) 439 because fuel consumption also increases by 9% on average in a drier climate (Yue et al., 440 2015) . Enhanced fire emissions increase concentrations of surface O 3 and column AOD, 441 especially over Alaska and central Canada (Fig. 6) . The maximum centers of air pollutants 442 are collocated for O 3 and AOD but with unproportional magnitudes, suggesting non-linear 443 conversion among fire emission species as well as the interactions with natural emission 444 sources (e.g., lightning/soil NO x and BVOC). On average, wildfire emissions contribute 7.1 ± 445 3.1% (2.1 ± 0.9 ppbv) to surface O 3 and 25.7 ± 2.4% (0.03 ± 0.003) to AOD in the summer 446 over boreal North America in the present day. By midcentury, these ratios increase 447 significantly to 12.8 ± 2.8% (4.2 ± 0.9 ppbv) for O 3 and 36.7 ± 2.0% (0.05 ± 0.003) for AOD. 448
Simulation of fire pollution impacts on NPP 450 451
Surface O 3 , including both fire and non-fire emissions (Table 2) , causes limited (1-2%) 452 damages to summer GPP in boreal North America (Fig. 7) . The most significant damage is 453 predicted over eastern U.S., where observed [O 3 ] is high over vast forest ecosystems (Fig. 4) . 454
In the western U.S., [O 3 ] is also high but the O 3 -induced GPP reduction is trivial because low 455 stomatal conductance in the semi-arid ecosystems limits O 3 uptake there ( Fire aerosols cause significant perturbations in shortwave radiation at surface (Fig. 9) . The 469 direct light is largely attenuated especially over Alaska and central Canada, where fire 470 aerosols are most abundant (Fig. 6 ). In contrast, diffuse light widely increases due to particle 471 scattering. In the present day, the average reduction of 5.6 W m and induce anomalous subsidence. In the present day, such descending motion is confined to 483 55-68°N, accompanied by a rising motion at 52-55°N (Fig. 10c) . As a result, fire aerosols 484 induce surface warming at higher latitudes but cooling at lower latitudes in boreal regions 485 (Fig. 11a) . Meanwhile, precipitation is inhibited by the subsidence in northwestern Canada 486 but is promoted by the rising motion in the Southwest (Fig. 11c) . By the midcentury, the 487 range of subsidence expands southward to 42°N (Fig. 10d) due to strengthened atmospheric 488 heating (Fig. 10b) . The downward convection of warm air offsets surface radiative cooling 489 (Fig. 9b) , leading to a significant warming in the Southwest (Fig. 11b) . The expanded 490 subsidence further inhibits precipitation in vast domain of Canada (Fig. 11d) . Soil moisture is 491 closely related to rainfall and as a result exhibits dipole changes (drier north and wetter south) 492 in the present day (Fig. 11e ) but widespread reductions (Fig. 11f) by the midcentury. 493
494
In response to the climatic effects of fire aerosols, boreal NPP shows distinct changes 495 between the present day and midcentury (Fig. 12) . Such changes in NPP are a consequence of 496 changes in GPP and autotrophic respiration (Fig. S2) . Variations in plant respiration resemble 497 those of GPP, because higher photosynthesis leads to faster leaf/tissue development, resulting 498 larger maintenance and growth respiration. In the 2010s, forest NPP increases by 5-15% in 499
Alaska and southern Canada, but decreases by 5-10% in northern and eastern Canada. This 500 pattern of NPP changes (ΔNPP) is connected to the climatic effects of aerosols, especially 501 changes in soil moisture (Fig. 11) . The correlation between ΔNPP (Fig. 12a) and changes in 502 soil moisture (Fig. 11e) reaches R = 0.56 (n = 356), much higher than the values of R = -0.11 503 for temperature change (Fig. 11a) and R = 0.22 for precipitation change (Fig. 11c) . At the 504 continental scale, the patchy responses of NPP offset each other. Since the dominant fraction 505 of carbon uptake occurs in southern Canada (Fig. 3a) , where positive NPP change is 506 predicted (Fig. 12a) , wildfire aerosols enhance the total NPP by 72 Tg C yr -1 in the present 507 day (Table 5 ). In contrast, increased wildfire emissions in the 2050s inhibit precipitation (Fig.  508   11d ) and decrease soil moisture in boreal North America (Fig. 11f) , leading to widespread 509 NPP reductions and a total NPP loss of 118 Tg C yr -1 (Fig. 12b , Table 5 ). The contrasting sign of NPP responses in the present day and midcentury are closely related 517 to the aerosol-induced surface climatic feedback. Sensitivity experiments using offline YIBs 518 model (Table 3 ) allowed assessment of the impacts of individual changes in the major 519 meteorological drivers, including temperature, radiation (diffuse and direct), and soil 520 moisture ( Table 5) ground data also show positive correlations between GPP and PAR dif (Fig. 2 and Table 4) , 533 and the model reproduces observed GPP responses to perturbations in direct and diffuse PAR 534 (Fig. 5) . Wildfire aerosols enhance diffuse radiation by 2.6 W m -2 (1.7%) at present day and 535 4.0 W m -2 (2.3%) at midcentury in boreal North America (Fig. 9 ). With these changes, 536 simulated NPP increases by 8 Tg C yr -1 at the 2010s and 14 Tg C yr -1 at the 2050s (Table 5) . 537
Near the two AmeriFlux sites (Fig. 2a) , wildfires increase local AOD by 0.03 (Fig. 6c) . 538
Meanwhile, we estimate that summer average (00:00-24:00) GPP increases by 0.04 µmol m Werf et al., 2010), where fires enhances regional PM2.5 concentrations by 85% and diffuse 555 radiation by 6.2% in dry seasons (Rap et al., 2015) . Second, larger solar insolation in lower 556 latitudes allows stronger DFE for the same unit change of diffuse radiation. In our prediction, 557 most of NPP changes occur at high latitudes of boreal regions (Fig. 12) , where total 558 insolation is not so abundant as that at the tropical areas. Consequently, decline of direct 559 radiation in boreal regions more likely converts the light availability of sunlit leaves from 560 light-saturation to light-limitation, offsetting the benefit from enhanced diffuse radiation for 561 shaded leaves. For this study, we do not find GPP reduction by the decline of direct light at 562 the two Ameriflux sites (Table 4) , possibly because these sites are located at middle latitudes 563 (<50°N). In the future, more observations at higher latitudes (> 55°N) are required to explore 564 the sensitivity of GPP to AOD at the light-limited conditions. show that changes in soil moisture account for 82.5% of ΔNPP at present day and 70.5% of 573 ΔNPP at midcentury (Table 5 ). These results suggest that aerosol-induced changes in soil 574 water availability, instead of temperature and radiation, dominantly contribute to the changes 575 
Limitations and uncertainties 579
In this study, we examine the interactions among climate change, fire activity, air pollution, 581 and ecosystem productivity. To reduce the complexity of the interactions, we focus on the 582 most likely dominant feedback and thus main chain of events: "climate → fire → pollution → 583 biosphere' (Fig. 1) . However, our choice of feedback analysis does not mean that the 584 interplay of other processes is unimportant. For example, climate-induced changes in 585 vegetation cover/types can influence fire activity by alteration of fuel load, and air pollution 586 by BVOC emissions (climate → biosphere → fire/pollution). In addition, other feedbacks may 587 amplify ecosystem responses but are not considered. For example, the drought caused by fire 588 aerosols in the midcentury (Fig. 11) Predicted surface [O 3 ] is much higher than observations over boreal North America (Fig. 4) . 642
This bias does not affect main conclusions of this study, because predicted O 3 causes limited 643 damages to boreal GPP even with the overestimated [O 3 ] (Fig. 7) . The result confirms that 644 fire-induced O 3 vegetation damage is negligible in boreal North America. For aerosols, themodel captures reasonable spatial pattern of AOD but with a background value of ~0.1 646 outside fire-prone regions, where the observed AOD is usually 0.1-0.2 (Fig. 3) . This 647 discrepancy may be related to the insufficient representations of physical and chemical 648 processes in the model, but may also result from the retrieval biases in MODIS data due to 649 the poor surface conditions and small AOD variations (Vachon et al., 2004 ) 650 at high latitudes. 651
652
Simulated aerosol climatic effects depend on radiative and physical processes implemented in 653 the climate model. We find that present-day boreal fire aerosols on average absorb 1.5 W m -2 654 in the atmosphere (Fig. 10) , which is much smaller than the value of 20.5 ± 9.3 W m -2 for 655 fires in equatorial Asia (Tosca et al., 2010) . This is because boreal fires enhance AOD only 656 by 0.03 while tropical fires increase AOD by ~0.4. Previous modeling studies showed that 657 fire plumes induce regional and downwind drought through enhanced atmospheric stability 658 
